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The study of molecular transformation processes of dissolved organic carbon (DOC) in the environment signiﬁcantly con-
tributes to a better understanding of the global biogeochemical organic matter cycle. In an oxic karst groundwater system, in
which the most powerful abiotic DOC degradative reactions, photodegradation and metal-mediated redox chemistry, are at
best marginal contributors, a near complete turnover of fulvic acids (FAs) has been observed within decades (60 years).
Depletion of oxygen for a very extensive range of aliphatic and aromatic carbon chemical environments has been conﬁrmed
as well as the formation of novel classes of compounds, suggesting a major contribution from biotic processes. From these
results we infer that FAs must be perceived as a rather active participant in the global carbon cycle. Molecular-level altera-
tions of such magnitude and rapidity on such short-time scales ought to be considered as widespread in the processing of
‘‘refractory’’ DOC in the environment.
 2007 Elsevier Ltd. All rights reserved.1. INTRODUCTION
Humic acids (HAs) and fulvic acids (FAs) typically ac-
count for 20–60% of the ubiquitous dissolved organic car-
bon (DOC) pool in aquatic environments (Abbt-Braun
and Frimmel, 2002). Microbial utilization and transforma-
tion of humic substances (HS) as conﬁrmed by laboratory
studies and observed in surface waters and marine environ-
ments (Bianchi et al., 1996; Krumholz et al., 1997; Lovley
et al., 1999; Ogawa et al., 1999; Hertkorn et al., 2002a;
Hansell et al., 2004; Qualls, 2004; Koch et al., 2005) may
also occur in groundwater systems, in which microorgan-
isms use ancient organic material trapped within shales as
electron donors (Krumholz et al., 1997). In contrast to0016-7037/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2007.09.024
* Corresponding author. Fax: +49 89 31873361.
E-mail address: einsiedl@gsf.de (F. Einsiedl).other aquatic environments, hitherto few studies have ad-
dressed molecular characterization and turnover dynamics
of groundwater HS on the basis of natural samples (Leenh-
eer et al., 2003). Experiments in marine and lacustrine envi-
ronments were performed to clarify if isotope eﬀects on
organic matter can be used as proxy indicators for micro-
bial degradation processes (Freudenthal et al., 2001; Leh-
mann et al., 2002). However, these experiments have
produced constraining results concerning isotope eﬀects
during the microbial degradation of organic matter. Selec-
tive loss of speciﬁc fractions in the organic matter was ob-
served to create diagenetic shifts in d13C (e.g. Benner et al.,
1987), whereas other studies found no isotope fractionation
in d13C during alteration (e.g. Schelske and Hodell, 1995).
The study presented here has been performed on a well-
characterized hydrogeological karst system. Einsiedl (2005)
studied the hydrogeology of the karst groundwater system
in the Franconian Alb, Southern Germany using artiﬁcial
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sues focusing on sulfur cycle were investigated in this karst
area (Einsiedl and Mayer, 2005; Einsiedl et al., 2007). Sta-
ble isotope analyses on groundwater sulfate showed that
in young groundwater (mean transit times 660 years) sul-
fate derived from atmospheric deposition (Einsiedl and
Mayer, 2005). Moreover, based on the isotopic composition
of groundwater nitrate it was found that nitrate from young
groundwater is aﬀected by nitriﬁcation processes (Einsiedl
and Mayer, 2006).
To verify the hypothesis if microorganisms utilize aqua-
tic HS in the groundwater system, a ﬁeld study in the kar-
stic catchment area of the Franconian Alb was performed.
Molecular signatures may reveal important information on
transformation and utilization processes of FAs, which can-
not be revealed by conventional analytical tools. Based on
organic structural spectroscopy and further geochemical
proxies, this ﬁeld study reports molecular-level resolution
evidence of the microbial utilization and transformation
of FAs in a natural karst aquifer over historic time scales.
To assess the extent of molecular transformation of
groundwater HS, water samples from a shallow, oxygen-
dominated karst groundwater system (Einsiedl, 2005)
(Fig. 1) were collected during high ﬂow (DOC: 0.44 mM
carbon) and base ﬂow (DOC: 0.09 mM carbon).
2. METHODS
2.1. Test ﬁeld site and ﬁeld sampling
The study has been performed on a well-characterized
hydrogeological karst system. Around 70 tracer test results
(Seiler et al., 1989; Einsiedl, 2005) (Fig. 1) and 3H concen-
tration data in groundwater and precipitation, combined
with a dispersion model, were used (Einsiedl and Mayer,
2005) to clarify the hydrogeological conditions of the catch-
ment area and the water ﬂow dynamics of the karst system
of the Franconian Alb. These results, combined with water
balances, indicate well-deﬁned small catchment areas be-
tween approximately 3 and 40 km2 and provide the condi-
tions for observing transformation processes of FAs in
this representative groundwater system.
The catchment area of the study site is around 7 km2.
Approximately 20% of the catchment area is used by agri-
culture, whereas forestry accounts for the majority of the
remaining land use. The bedrock is composed of Upper
Jurassic carbonates, representing two consecutive cycles
of sedimentation with marls on the base overlain by well-
bedded limestones. The latter contain reef complexes,
which have been converted to dolomite. DOC concentra-
tions during base ﬂow were around 0.09 mM carbon and
increase up to around 0.6 mM carbon during high ﬂow con-
ditions. Rainfall was ca. 750 mm/year and a groundwater
recharge of around 130–250 mm/year was estimated.
A conceptual model for water ﬂow in the karst system is
shown in Fig. 1. The karst aquifer is characterized by a fast
water ﬂow via conduits (vertical preferential ﬂow) and the
epikarst system (horizontal preferential ﬂow). The epikarst
connected to conduits acts as a water storage compartment
within the vadose zone of the karst system and lies just be-neath the mineral soil. During groundwater recharge condi-
tions the soil-derived seepage water is stored in the epikarst
system. From the hydrogeological viewpoint (Einsiedl,
2005) and the results of d18O measurements in groundwater
during high ﬂow conditions (Einsiedl et al., 2005), the mean
transit time of water in the epikarst was calculated to be be-
tween 3 and 4 years. It was therefore straightforward to ob-
tain a representative sample of soil-derived FAs (FA1) from
the catchment area independent of the temporal variations
in the amount and composition of FA1.
During high ﬂow conditions, the epikarst distributes
water via the conduits to the outﬂow of the spring. Hydro-
graph separation by chemical tracers revealed a proportion
of up to 35% for the epikarst water contribution to the total
runoﬀ during storm runoﬀ events (Einsiedl, 2005), and a
DOC concentration of around 20 mg/L in the epikarst sys-
tem was estimated. This method eﬀectively sampled a water
volume of around 450 m3 and a DOC amount of 2.4 kg was
transported to the vertical preferential ﬂow path of this
groundwater system (Einsiedl et al., 2007) during the sam-
pling campaign. During low ﬂow conditions, water ﬂow
through the ﬁssured-porous aquifer is expected. A 35 year
3H record yielded mean transit times through the ﬁssured-
porous karst aquifer of approximately 60 years for 3H (Ein-
siedl, 2005).
2.2. Preparation of natural organic matter samples (FAs and
HAs)
Two samples from the shallow karst aquifer were ob-
tained during high ﬂow (FA1), expected to be rather soil-de-
rived, and base ﬂow conditions (FA2).
During high ﬂow conditions (FA1), a water volume of
100 L with DOC concentrations of 0.44 mM carbon was
0.45 lm ﬁeld-ﬁltered and pumped at a rate of 19 L/h for
about 8 h into stainless steel containers. During base ﬂow
conditions, 1500 L of shallow groundwater, containing
DOC concentrations of 0.09 mM carbon (FA2), were sam-
pled using a slightly modiﬁed reverse osmosis technique for
preconcentration of DOC in the ﬁeld (Artinger et al., 2000).
Schmitt-Kopplin (2005) showed that the reverse osmosis
technique for preconcentration of DOC has no appreciable
eﬀect on the chemical structure of humic substances. 500 L
of FA2 was transported in stainless steel containers to the
laboratory. Repeated preconcentration in the laboratory re-
sulted in three 10 L samples of DOC-enriched water, which
were acidiﬁed to a pH of around 2 by addition of HCl. The
isolation of (HS) followed the IHSS standard procedures
(Thurman and Malcolm, 1981), using a XAD-8 resin col-
umn (Rohm and Haas Co., USA) for sorption at pH 2;
the sorbed humic substances were eluted with 0.1 M
NaOH. After acidiﬁcation (pH 1, HCl), humic acid (HA)
was precipitated and separated from the supernatant via
centrifugation. After three repetitions of this procedure
HA was freeze-dried. The supernatant, containing fulvic
acids (FAs), was puriﬁed by sorption on smaller XAD-8
columns, followed by alkaline elution. Finally, puriﬁed
FAs were passed through a cation-exchange resin AG
50W-X8 to remove excess salt, and freeze-dried (Table
EA1).
Fig. 1. Conceptual model of water ﬂow during base ﬂow and high ﬂow conditions (Einsiedl, 2005) and the results of the positive tracer tests
(red lines) in the catchment area of the Franconian Alb (modiﬁed after Seiler et al., 1989): Mean DOC concentrations, modelled mean transit
times MTT; key data of catchment area: rainfall: 0.75 m/a; evapotranspiration: ca. 0.5–0.6 m/a; groundwater recharge 0.15–0.25 m/a.
5476 F. Einsiedl et al. / Geochimica et Cosmochimica Acta 71 (2007) 5474–54822.3. Isotope measurements (d13C FAs), asymmetrical ﬂow
ﬁeld-ﬂow fractionation (AFFFF), radiocarbon content of FAs
(14CFAs), NMR spectroscopy and FTICR mass spectrometry
Information about analytical details can be found in the
Electronic Annex.
3. RESULTS AND DISCUSSION
The 14C contents of the epikarst water FAs (FA1: 120.6
pmc), which is considered mostly originated from soil, and
the base ﬂow water FAs (FA2: 112.1 pmc) indicate radio-carbon ages lower than 50 years and support an identical
origin, demonstrating FAs cannot be attributed to release
from the bedrock. d13C values obtained for FA1 and FA2
were 27 ± 0.2‰ in line with d13C values of C-3 plants,
indicating related sources of FAs. The content of FAs inﬁl-
trating into the groundwater system was estimated by
asymmetrical ﬂow ﬁeld-ﬂow fractionation studies (Wolf
et al., 2005) (AFFFF with short-range UV detection and
FAs calibration) and yielded a contribution of 55% FAs
to the entire DOC (Einsiedl et al., 2007). The contribution
of peak ﬂow extracted HAs (data not shown), with 1H
NMR characteristics astonishingly similar to peat HAs,
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balances computed from hydrogeological data showed min-
eralization of 50–60% of FAs in the deeper part of the shal-
low aquifer (Heinrichs, 1987). These data suggest that FAs
contribute with increasing proportions to the deeper
groundwater DOC whereas HAs, with a structure more clo-
sely related to biomolecules, probably degrade at a higher
rate (Hertkorn et al., 2002a). Alternative mechanisms of re-
moval such as sorption to the mineral soil (Feng et al.,
2005) and coagulation by metal ions such as Ca2+, Fe3+
and Al3+ (Christl and Kretzschmar, 2007) operate more
eﬀectively for HAs than FAs.
During the transport through a karst groundwater sys-
tem, extensive molecular transformation of soil-derived
FA1 to FA2 led to a striking depletion of oxygen from a
wide variety of carbon-bearing environments. Nuclear mag-
netic resonance (NMR) spectra indicate the disappearance
of carbohydrates, which comprise one ﬁfth of (non-
exchangeable) proton and carbon NMR integrals, from
FA1 (Fig. 2A–E); the fraction of non-exchangeable OC–H
protons in FA2 declines to near ten percent, most of which
are non-carbohydrate related according to 1H NMR line
shape and HSQC cross peak positions (Fig. 2A and F).
In FA2 aromatics have been depleted from almost all kinds
of direct (Car–O) and remote (Car–COX; X = OH, OR)
oxygen substitution, a common and even abundant feature
of FA1. Direct oxygenation of aromatic rings in FA1 is rep-
resented by evident phenolic 13C NMR resonances (ipso-
CarO; quaternary carbon only, dC: 152 ± 8 ppm; Fig. 2C
and D) and by distinct ortho and para oxygenated aromatic
carbon NMR signals (dC < 125 ppm; quaternary andFig. 2. (A) 1H NMR spectra (left) and section integrals (right) of non-exc
1H NMR spectrum of FA2 (positive) minus FA1 (negative); (C) 13C NMR
(purple); (D) diﬀerence 13C NMR spectrum of FA2 (positive) minus FA1
(left) and FA2 (right); methyl: red; methylene: green; methine: blue; su
aliphatic, G: aromatic section) of FA1 (left) and FA2 (right), see also Fimethine carbon; Fig. 2C and E). In addition, HSQC cross
peak positions reﬂect extensive oxygen (Car–O) aromatic
ring substitution because of major upﬁeld chemical shift
displacements of hydrogen in both, ortho and para posi-
tions as compared with benzene C6H6 (d(
1H/13C): 7.25/
128.0 ppm) as well as complementary carbonyl derivative
(Car–COX) aromatic ring substitution (Figs. 2C and G, 3
and 4), indicated by downﬁeld chemical shift displacement
of ortho hydrogen atoms, caused by chemical shift anisot-
ropy of the carbonyl bond. Downﬁeld shift displacements
also apply for hydrogen and carbon atoms in ortho and
para positions because of electron-withdrawal (Perdue
et al., 2007) Accordingly, a more even distribution of aro-
matic methine carbon ranging from dC = 107 to 136 ppm
in FA1 was altered into a triangular envelope extending
from dC = 113 to 135 ppm in FA2, with a distinct maximum
intensity at dC = 129 ppm (Fig. 2E).
An in-depth study of aromatic substitution patterns ob-
tained from an inverse increment analysis (SPARIA, substi-
tution patterns in aromatic rings by increment analysis
(Perdue et al., 2007)) of the HSQC cross peaks of (a) FA1
and (b) FA2 revealed extensive alteration of aromatic struc-
tures between FA1 and FA2. Most obviously, HSQC cross
peak positions for FA1 (A1–A18, Fig. 3A) only sparsely
coincide with those derived from FA2 (B1–B6 and C1–
C10; Fig. 3B), indicating substantial degradation of FA1
and resynthesis of novel aromatic compounds in FA2.
The selected HSQC cross peaks, assigned to the substituent
classes hydrogen H (deep green), neutral carbon substituent
R (light green), electron-withdrawing carbonyl derivative
COR (blue), and electron-donating oxygen derivative ORhangeable protons in FA1 (orange) and FA2 (purple); (B) diﬀerence
spectra (left) and section integrals (right) of FA1 (orange) and FA2
(negative); (E) multiplicity-edited 13C NMR carbon traces of FA1
m of CH1,2,3: black; (F and G)
1H, 13C HSQC NMR spectra (F:
gs. 3 and 4.

















































Fig. 3. Aromatic section of 1H, 13C HSQC cross peaks of (A) FA1 and (B) FA2 with positions of main cross peaks indicated for in-depth
SPARIA, (substitution patterns in aromatic rings by increment analysis) (Perdue et al., 2007) of aromatic substitution patterns (cf. Fig. 4).
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Fig. 4. It is clearly seen, that the HSQC cross peaks A1–
A18 (FA1) exhibit substantial shares of oxygen-containing
substituents COR and OR, corresponding to multiple oxy-
gen atoms per aromatic ring. In general, aromatic com-
pounds in FA1 are more oxygenated than those in FA2.
FA2-derived HSQC cross peaks B1–B6 fall outside the
chemical shift window typical of substituted monoaromatic
rings (Perdue et al., 2007) and could indicate the presence of
newly synthesized ﬁve-membered ring heterocycles and
carotenoid compounds in FA2.
Aromatic carboxylic acids in FA1 have been replaced by
near identical amounts of aliphatic acids in FA2 as indi-
cated by downﬁeld displacement of corresponding 13C
NMR signals (Fig. 2D). Methoxyl carbon (FA1: 19% of
methyl carbon) has almost entirely disappeared in FA2, just
as methylene carbon atoms in ethers and esters (FA1: 25%
of methylene carbon); the proportion of methine carbon in
the forms of Car-H/ OC–H/ CC–H has been altered from a
ratio of 39/32/29 in FA1 to 21/22/57 in FA2 (Fig. 2E). All
intense 1H, 13C HSQC cross peaks in FA1 representing
OCal–H with dC > 80 ppm and dC > 4.2 ppm (i.e. ethers
and esters) have almost disappeared in FA2 (Fig. 2F). In
summary, the transformation of FA1 into FA2 has consid-
erably increased the proportion of aliphatic, carbon- and
hydrogen-substituted chemical environments for methyl,
methylene and methine and aromatic carbon atoms. Exten-
sive degradation of polysaccharides (Watt et al., 1996) and
lignin-derived moieties at a fairly early stage of FA diagen-
esis as observed by NMR (Fig. 2) was also found in decom-
position experiments of diﬀerent vascular plant leaves
(Opsahl and Benner, 1997).
Negative electrospray ionization Fourier transform ion
cyclotron FTICR mass spectra of FA1 and FA2 at unit res-
olution exhibit near Gaussian envelopes of mass distribu-
tion with seemingly minor displacements of the intensity-
weighed average m/z values (FA1: 413 m/z; FA2: 384 m/z). The intensity-based envelope at half height is narrowed
by 30 m/z in case of FA2 and at higher masses (in excess of
470 m/z), FA2 shows fewer and less intense signals than
FA1 (Fig. 5A and B). This is in line with AFFFF data
(Wolf et al., 2005), which indicated increasing shares of
progressively smaller molecules during transition from
epikarst to shallow aquifer FA (Fig. 6).
The CH2-based Kendrick mass defect analysis (Hughey
et al., 2001) of the most intense mass spectral peaks pro-
vided 458 molecular compositions common to both FA1
and FA2, 482 unique to FA1, and 224 unique to FA2,
respectively (Fig. 5C). The combined 1164 molecular com-
positions were all best described by molecular formulae
CnHmOq (in line with the low content of nitrogen and sulfur
in both FA1 and FA2, Table EA1) and occupied about 90
CH2-based series of identical Kendrick mass defects, which
were typically 13 ± 3 members long and rather continuous
(i.e. unbroken; Fig. 5C). The displacement of at least more
than half of the observed molecular compositions clearly
indicates extensive alterations of the molecular-level chem-
ical environments during the transformation of FA1 into
FA2.
In the mass range below 470 m/z, FA2molecules of iden-
tical mass exhibit smaller CH2-based Kendrick mass defects
(KMD) than those in FA1 and vice versa, indicating a likely
oxygen deﬁciency and/or increased degree of hydrogena-
tion of FA2 molecules. Eight series of unique KMD with
more than 50 members, solely occurring in FA2 and mostly
related by diﬀerences in KMD of 36.4 mDa (KMD: 0.2299,
0.2663, 0.2892, 0.3255, 0.3619, 0.3982, 0.4346, 0.4709) indi-
cated the formation of novel classes of compounds, not
present in FA1 (Figs. 5C and 7). Interestingly, the consider-
able majority of this newly formed series of molecules in
FA2 are found in the uppermost right corner of the van
Krevelen diagram, indicating rather saturated and still oxy-
gen-rich molecules (Fig. 7). The formation of novel classes






[ppm] ortho meta para meta´ ortho´ percent ne
A1 6.57 104.6  27 67 
A2 6.79 104.4  45 20 
A3 7.28 108.7  37 45 
A4 7.73 109.5  50 2 
A5 7.08 111.4  32 38 
A6 7.49 112.6  41 59 
A7 6.82 115.5  19 52 
A8 7.33 117.4  17 59 
A9 6.57 117.6  33 36 
A10 7.13 120.2  31 78 
A11 7.39 118.2  17 78 
A12 7.42 122.8  14 114 
A13 8.21 124.2  25 75 
A14 7.83 126.0  14 122 
A15 7.38 128.0  28 43 
A16 7.74 130.3  33 812 
A17 8.25 131.1  41 87 






[ppm] ortho meta para meta´ ortho´ percent ne
B1 6.39 113.9  36 33 
B2 6.53 114.6  36 29 
B3 6.29 115.3  100 10 
B4 6.52 116.0  23 26 
B5 6.97 116.6  24 104 
B6 6.39 117.9  36 14 
C1 6.79 124.1  33 30 
C2 7.58 124.8  21 63 
C3 7.12 128.3  19 36 
C4 7.51 129.1  29 59 
C5 7.86 128.3  28 97 
C6 7.17 131.0  28 42 
C7 7.05 128.9  43 30 
C8 7.62 131.6  33 93 
C9 7.34 133.8  36 56 
C10 7.59 134.4  87 15 
 aromatic substitution, composed of hydrogen 
 aromatic substitution, composed of neutral carbon substituents 
 aromatic substitution, composed of electron-withdrawing carbonyl derivative substituents 
 aromatic substitution, composed of electron-donating oxygen substituents 
Fig. 4. Aromatic substitution patterns as deduced from inverse increment analysis (SPARIA, substitution patterns in aromatic rings by
increment analysis (Perdue et al., 2007)) of the HSQC cross peaks of (Fig. 3A) FA1 and (Fig. 3B) FA2. The most likely substituents patterns
are indicated here, arranged according to position (Fig. 3B) and in color: hydrogen H (deep green), neutral carbon substituent R (light green),
electron-withdrawing carbonyl derivative COR (blue), and electron-donating oxygen derivative OR (orange) substituents. The most likely
patterns are extracted from the total number of SPARIA hits within a 0.1 ppm window in 1H and 1.0 ppm in 13C NMR frequency (with the
counts given in the right column), and the weight percentage of the corresponding color representation to the total number of SPARIA hits is
indicated in the second column from the right.
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transformation of FA1 into FA2.
The compositional spaces occupied in van Krevelen dia-
grams (Visser, 1983) by FA1 alone, the common FA1/FA2
compositional space, and that occupied by FA2 alone expe-
rience continual displacement towards decreased O/C and
increased H/C ratios (Figs. 5D and 8) which are indicative
of hydrogenation and deoxygenation across the entire
bandwidth of CnHmOq compositional space during trans-
formation from FA1 into FA2. The depletion of aromatics
during processing of FA1, most of which carry multiple
oxygen substitution, as identiﬁed by NMR (Figs. 3 and
4), represents one of the key processes contributing to the
formal hydrogenation deduced from the van Krevelen
diagram.Thus, the most probable explanation of the molecular-
level analysis involves the almost complete conversion of
a plant-derived, lignin-, phenol- and carbohydrate-rich nat-
ural organic matter (NOM, FA1) into microbially-derived,
structurally entirely diﬀerent, deoxygenated and dearoma-
tized, alicyclic polycarboxylic acid type NOM (FA2)
(Leenheer et al., 2003; Hertkorn et al., 2006) during the pas-
sage through the karst aquifer.
In this study, a detailed hydrogeological and geochemi-
cal investigation of a karst groundwater system in Southern
Germany, in conjunction with a characterization of FAs via
molecular-level organic structural spectroscopy (NMR und
FTICR mass spectrometry), enabled a comprehensive
description of microbial utilization and transformation pro-
cesses of soil-derived FAs. Mineralization of FAs in
Fig. 5. (A and B) 12 T FTICR mass spectra of FA1 (orange, top) and FA2 (purple, bottom); (C) CH2-based Kendrick mass defect analysis of
CnHmOq molecules unique to FA1 (orange, ne = 482), unique to FA2 (blue, ne = 224) and common to both FA1 and FA2 (yellow, ne = 458);
the dotted line denotes eight series of unique KMD, representing newly synthesized molecules in FA2; the denoted (*) diﬀerence in KMD is
36.4 mDa; (D) Van Krevelen diagram of FA1 (red), FA2 (blue); indicating progressive deoxygenation and hydrogenation during aging.
Fig. 6. Molecular size distribution of FA1 and FA2 and Suwannee
River FA (SRFA) measured by AFFFF.
Fig. 7. Van Krevelen diagram of identiﬁed molecular formulae
CnHmOq occurring solely in FA2, indicating newly formed series of
compounds in the early diagenesis of FA, introduced in the
Kendrick mass analysis (Fig. 5C), and displayed according to
methylene-based Kendrick mass defects. The highlighted molecules
occupy the range of elemental compositions within the dotted
orange ellipsoid and represent mainly rather oxygen-rich and
hydrogenated molecular compositions.
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moval process, occurring with turnover rates of decades.
Similar processes, i.e. formation of refractory DOM from
rapid degradation of labile compounds, have also been
shown to occur in the marine environment (Hansell et al.,
2004). FAs exhibit irreversible sorption to calcite surfaces
(Lee et al., 2005), blocking all calcite surface sites over dec-
ades in the carbonate aquifer. Therefore, FAs can be con-
sidered as a conservative tracer (Buckau et al., 2000) in
groundwater systems of the Franconian Alb over historical
and geological time scales. Even in the absence of photo-
chemistry (Opsahl and Benner, 1997; Kujawinski et al.,
2004) and abiotic redox NOM-mineral chemistry (Wang
et al., 1997), which are considered as well established fast
and eﬀective NOM degradation reactions, a rapid and near
complete molecular-level turnover of FAs was observed.
Since our investigation area provides little likelihood of abi-
otic reactions, the observed disappearance of oxygen from a
vast array of aliphatic and aromatic chemical environments
of this representative FAs is most probably the consequenceof biotic utilization. Though extensive depletion of oxygen
has been observed upon transformation of FA1 into FA2,
oxidation has nevertheless taken place and highly oxidized
mineralization products such as CO2 and H2O have been
necessarily formed. This rapid turnover of a representative
organic material often considered refractory under natural
conditions provides the key to understanding the disap-
pearance of DOC in groundwater systems and should be
considered the rule rather than the exception.
4. CONCLUSION
Our results show a near complete turnover of FA within
decades in the groundwater system. The extraordinary dif-
ferences between FA1 and FA2 at molecular-level structural
Fig. 8. Van Krevelen diagram of CnHmOq molecular compositions in FA1 and FA2 as derived from FTICR mass spectra; (A) unique to FA1
(mass edited, with aromaticity index AI = 0.5 given), (B) unique to FA2 (mass edited, with aromaticity index AI = 0.5 given) and (C) common
to both FA1 and FA2, FA1 = FA2 (black), FA1 (red) and FA2 (blue). The aromaticity index AI provides a threshold, which unambiguously
indicates occurrence of aromatic molecules in absence of cumulated p-bond and triple bonds (Koch and Dittmar, 2006); AI values in excess of
0.5 (cf. blue triangle in (A)) indicate certain presence of aromatic rings in FA1 (Koch and Dittmar, 2006).
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get organic structural spectroscopy. Even fairly advanced
analytical tools at the level of standard 13C–CP/MAS so-
lid-state spectroscopy and unit-resolution mass spectrome-
try would have failed to detect these extensive changes
because of intrinsic averaging (Hertkorn et al., in press).
Based on this novel perspective, molecular-level alterations
of such magnitude and rapidity must be considered as com-
monplace in the processing of ‘‘refractory’’ NOM, which
then has to be perceived, in contrast to conventional wis-
dom, as a rather more active participant in the global car-
bon cycle than hitherto postulated.
Our data set is directly applicable to earlier results focus-
ing on biogeochemical processes aﬀecting groundwater sul-
fate and nitrate. We found that sulfate reduction and
denitriﬁcation have occurred in the porous rock matrix of
the karst groundwater system with long mean transit times
(>60 years). Since Dittmar and Lara (2001) and Benner
et al. (1987) have shown that the degradation of complex
organic compounds continues under sulfate-reducing con-
ditions at a lower rate compared to microbial degradation
processes of organic matter under oxic conditions, we sug-
gest that FA act as electron donor for sulfate-reducing
microorganisms and denitriﬁers in the porous rock matrix.
The porous rock matrix is characterized by long mean tran-
sit times up to some hundreds of years (Einsiedl and Mayer,
2005), and could represent the habitat to facilitate anoxic
processes in the predominantly oxic zone of the karst sys-
tem by the microbial degradation of FA over historical time
scales.
APPENDIX A. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.2007.
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